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The basis for this assertion is that single-marker LD mapping methods are unable to describe disequilibrium across chromosomal regions that surround susceptibility loci. It is therefore suggested that a subset of SNPs, which tag common haplotypes describing most genetic diversity, are identified and combined into multimarker haplotypes. This, it is argued, will provide a more cost-efficient approach by reducing the amount of genotyping, in comparison to single-locus studies. This view has led to the launch of a large publicly funded effort to generate such maps in four different population samples (the HAPMAP project), which will become a major international resource (http://www.genome.gov/research).
This raises several issues for those engaged in mapping genes for common disorders, not least the marker density required to define haplotypes blocks accurately, how best to make use of LD map data and the most efficient method for genotyping. Even when sets of haplotype tagging SNPs (htSNPs) are identified, the need to genotype hundreds of individuals for thousands of markers remains prohibitively expensive for most investigators using currently available methods that depend upon PCR. For this reason DNA pooling, in which individual samples of DNA are combined together in pools from which allele frequencies are estimated, is widely recognised as a powerful method that substantially reduces the cost and feasibility of large-scale association studies. 6 -16 However, haplotype mapping, in contrast to single-marker analysis, generally requires individual samples to be genotyped. To address this issue, we have examined the informativeness of haplotype mapping with htSNPs in comparison to single-locus analyses using the data published by Johnson et al.
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In this paper, the authors scanned 135 kb of DNA in nine genes for polymorphic variation, using denaturing highperformance liquid chromatography followed by sequence analysis. They identified and subsequently genotyped 115 polymorphic SNPs with an average spacing of 1174 bp determining haplotypes for each gene in 384 Caucasians of European descent. These data show that for common haplotypes, 34 SNPs retain most of the LD information between adjacent markers.
We have examined the merits of using these 34 htSNPs to:(a) capture the information of the tagged haplotype (haplotype approach) and (b) use as markers for single-locus analyses (tag approach). We have also selected SNPs on the basis of their minor allele frequencies (MAFs) using three cutoffs: (c) MAF Z20%, (d) MAF Z10%, and (e) MAF Z5%. We tested the relative efficiency of the five strategies to detect associations with each of the 115 markers in turn. This provides a test of the relative power of each approach to detect disease associations assuming that any of the 115 SNPs could be a functionally significant variant (FSV) causing disease susceptibility. Table 1 , the use of htSNPs when combined in multipoint haplotype analyses is far better than using the same htSNPs or MAF Z20% SNPs in single-locus tests of associations. While the haplotype approach is still better than the use of MAF Z10% SNPs (77 versus 65%), the use of MAF Z5% SNPs is almost identical (78%). When the ability to detect the higher frequency FSVs is compared by combining the 5 -19 and 20 -50% FSV groups, the MAF Z5% approach is the most efficient (100%) followed by the haplotype approach (92%) and the MAF Z10% approach (83%). The use of DNA pooling to screen MAF Z5% SNPs therefore compares favourably with the haplotype approach for detecting common FSVs.
The DNA pooling approach outlined above does, however, require rescreening of coding and noncoding functional genomic regions to provide sufficiently comprehensive maps of polymorphic markers. The reason for this is that the current generation of SNP maps are far from adequate for the DNA pooling approach, despite the fact that at the time of writing 3 049 569 reference SNPs are listed in dbSNP at the National Centre for Biotechnology Information (http://www.ncbi.nlm.nih.gov/SNP/), 522 072 of which have been validated. Of these, it is estimated that approximately 50% of the candidate SNPs have common minor alleles with frequency greater than 20% in any given population, approximately 20% have less common alleles with frequency between 5 and 20% and the rest are accounted for by rare variants (o5%) and sequencing artefacts. 17 50 htSNPs assuming the proportion of htSNPs observed by Johnson and co-workers. If we were to screen 1000 genes in 500 cases and 500 controls, we would need to perform 50 000 000 individual genotypes to adopt the haplotype approach. In contrast, if we adopted a DNA pooling approach using quadruplicate assays in two pools as outlined in the recent review by Sham et al, 16 we would require 1 600 000 SNP genotypes. The HAPMAP project that aims to develop genome-wide haplotype maps is taking a different strategy to the one proposed for DNA pooling, since it is not planned to base these on comprehensive SNP maps. Although a comprehensive genome-wide map and haplotype analysis of all genetic variation is the ideal, this would require a considerable amount of additional work to generate such data and would be hugely expensive. It is in fact estimated that generating the haplotype map will require successful genotyping of 450 000 SNPs (around one SNP every 6 -7 kb) and will require initial testing of some 800 000 to 900 000 SNPs (http://www.genome.gov/research). Haplotype maps based on such data have been shown to generate SNPs that The highest w 2 value for association with the FSV, achieved from the appropriate selection method, is divided by the w 2 statistic obtained by the FSV itself (perfect association). The efficiency of each strategy is measured as the proportion of the FSVs where the ratio of w 2 statistics is greater than 80%. Numbers of markers detected in each category (%) with in parentheses. The bottom row of the table shows the mean w 2 for each approach for all 115 markers (w 2 ).
tag common haplotypes that account for a large proportion of genetic variation, so it should be possible to use HAPMAP markers to screen the genome for associations to common haplotypes. 1 However, it is not yet known how the efficiency of a strategy based on incomplete SNP maps will compare to strategies based on complete information such as the data from Johnson et al. 2 Evidence that the current maps are not sufficiently dense for this purpose comes from the recent analysis of a first-generation haplotype map of chromosome 19. 19 Using publicly available SNPs, the authors show that one-third of the chromosome is encompassed within haplotype blocks. However, evolutionary modelling of the data indicate the dependence of observed block lengths on marker spacing and allele frequency, suggesting that apparent blocks can stem from incomplete coverage of the chromosome genealogy. They conclude that genotyping additional markers is likely to uncover further recombination events, breaking up larger blocks and refining their boundaries.
Another important unanswered question in the use of haplotype maps is whether the data generated in one sample population will generalise to other sample populations. If we depend on a single central haplotype map for broadly defined population groups such as Caucasians, Asians or Africans, the robustness of the approach will crucially depend on how comparable the haplotype map is to the populations from which samples for association studies are being drawn. While comparable data have been described across populations, the true extent of differences in haplotype frequencies in apparently related populations and the influence that such differences will have on the power of the analyses remains unclear.
Finally, it may be possible to combine DNA pooling and htSNP approaches by using DNA pooling data to derive common haplotype frequencies. In conclusion, we suggest that at this time common genetic variants that confer risk to common complex disorders (the 'low-hanging fruit') will be more efficiently detected through the adoption of DNA pooling strategies based on comprehensive SNP maps of targeted functional regions. In agreement with Johnson et al, 2 we conclude that current SNP databases may have limited utility for LD mapping because it may not be possible to define many common haplotypes using incomplete maps and that a directed resequencing effort of approximately 10% of the genome in or near genes in the major ethnic groups is required for a complete evaluation of the common variant model. Haplotype maps are likely to have a greater impact when the issues around map density, general applicability between sample populations and cost-effective processing of large numbers of genotypes have been resolved.
